Aspects of dorso-ventral and proximo-distal limb patterning in onychophorans. On the other hand DV limb patterning is less conserved, and the specification of ventral fate appears to involve neither wg nor H15 expression.
INTRODUCTION
The phylum Onychophora comprises less than 200 described species (Oliveira Ide et al. 2012) . The arthropods, the most closely related phylum, however, represent one of the most speciose animal phyla. Estimations suggest that there are more than ten million species belonging to four (or five, depending on the status of the pycnogonids) arthropod classes, Chelicerata (with or without Pycnogonida), Myriapoda, Crustacea and Insecta. A unique hallmark, and indeed the eponymous feature of the arthropods, is the presence of segmented (jointed) appendages. In contrast, onychophorans possess appendages that are not jointed. Such limbs are often referred to as "oncopodia" or ''lobopodia''. The evolution of jointed limbs is thought to represent one of the key events in the arthropod stem that subsequently led to the massive radiation of the arthropods.
The development of arthropod limbs is organized along the proximal-distal (PD), the anterior-posterior (AP), and the dorso-ventral (DV) axis. In the fly Drosophila patterning genes, in particular the role of H15/mid and omb, is conserved in all arthropods (e.g. Prpic et al. 2003 Prpic et al. , 2005 Janssen et al. 2008a; Grossmann et al. 2009 We therefore wished to address the question whether this genetic network is possibly conserved in the simple appendages of onychophorans as well, or whether it evolved in the lineage leading to the arthropods.
In the present study we investigated the expression profiles of dpp, wg, two omb paralogs and one single H15 paralog in the onychophoran Euperipatoides kanangrensis (and for H15 also in a second onychophoran species, Cephalofovea clandestina). Our data reveal conserved expression of omb genes, but also diverged expression of H15, wg and dpp, suggesting that at least the mechanisms of ventral limb fate specification are specific to the jointed limbs of the arthropods. Because this arthropod ventral mechanism is at the same time involved in many aspects of PD axis patterning (including the orchestration of limb segmentation), the advent of the arthropod-mode of ventral fate specification after the split between arthropods and onychophorans may also represent one prerequisite for the subsequent evolution of the arthropods jointed limbs.
MATERIAL AND METHODS

Animal husbandry and embryo preparation
Females of Euperipatoides and Cephalofovea were collected in Kanangra Boyd National Park, NSW, Australia. Embryos were dissected from the females from September to December to obtain a series of developmental stages to be used later for the in-situ hybridization experiments (Janssen and Budd 2013). Each female carries approximately 50 (sometimes more) embryos of different consecutive developmental stages. The embryonic chorion and the vitelline membrane were removed manually with Dumont size 5 forceps and the embryos were fixed in 4% formaldehyde in PBST (0.1M phosphate buffered saline with 0.1% Tween-20 at pH 7.4) for approximately four hours at room temperature. The embryos were then dehydrated in 100% methanol and stored at -20°C for at least one month before using them in hybridization experiments.
RT-PCR and gene cloning
RNA isolation and cDNA synthesis were performed as described in Janssen et al. (2004) . Gene fragments of Euperipatoides optomotor-blind1 (omb1), optomotorblind2 (omb2), H15 and decapentaplegic (dpp) have been isolated by PCR using the degenerate primers described in Prpic et al. (2003) . Longer fragments of these genes were then obtained by RACE (GeneRacer cDNA amplification Kit, Invitrogen). The fragment of Cephalofovea H15 was isolated with the primers fw1 (GGNACNGARATGATHATHAC) and bw1 (TTNARYTTNGTNATNARYTCRTT) in a first PCR, and the primers fw2 (CCNGTNGAYAAYAATMGNTA) and bw2 (GCNGTRAANACNGTYTCNGG) in a nested PCR. All fragments were cloned into the PCRII vector (Invitrogen). Sequences of the fragments were determined by means of Big Dye chemistry on an ABI3730XL sequence analyser by a commercial sequencing service (Macrogen). The sequences are available from the EMBL nucleotide database under Accession Numbers HG326421 (Ek-omb1), HG326422
(Ek-omb2), HG326425 (Ek-dpp), HG326423 (Ek-H15), and HG326424 (Cc-H15).
In-situ hybridization, cell nuclei staining, staging, and data documentation
In-situ hybridization experiments were performed as described previously (Janssen et al. 2010) . Detection of the dpp-signal required extended staining time for 12 to 36 hours at room temperature; usually staining with most other probes only takes one to four hours. During prolonged staining durations the staining-solution was exchanged every six hours. A set of dpp-probes representing different parts of the gene was used to determine the probe giving the best results (Fig. S1 ). Digoxigenin (DIG) or Fluorescein (FL) labelled RNA probes were transcribed from the cloned gene fragments. Cell nuclei were stained with 1 µg/ml DAPI (4-6-Diamidino-2-phenylindole) in PBST for 20 minutes. Excessive DAPI was removed by several washes in PBST. Embryonic stages from the formation of the germ disc to formation of the cuticle are described in the supplementary data of Janssen and Budd (2013).
Embryos were analysed under a Leica dissection microscope equipped with a Leica DC100 digital camera. Brightness, contrast and colour values were adjusted in all images using the image processing software Adobe Photoshop CS2 (Version 9.0.1 for Apple Macintosh).
Phylogenetic analysis
Sequences were compared to orthologs via BLAST search, and aligned in Clustal_X (Thompson et al. 1997) (BLOSUM matrix (Henikoff and Henikoff 1992) ). Maximum likelihood analysis was performed with the Quartet Puzzling method (Strimmer and von Haeseler 1996) as implemented in PAUP 4.0b10 (Swofford 2002) (Fig. S2 ). optomotor-blind1 (omb1), optomotor-blind2 (omb2) and H15, and the TGF-beta family gene decapentaplegic (dpp)
RESULTS
The onychophoran T-box genes
We isolated two optomotor-blind type genes from Euperipatoides by means of RT-PCR with degenerate primers. These two genes also represent the only omb-type genes found in an embryonic transcriptome (assembled from Illumina HiSeq2000 reads) that became available after the RT-PCR analysis had been performed (Janssen and Budd 2013), suggesting that only these two genes are transcribed during embryonic development. Both genes, which we designate as omb1 and omb2, cluster with omb-orthologs from Drosophila and other arthropods in a well-supported group, and to the exclusion of other related T-box genes (Fig. S2) . The omb1 gene branches at the base of arthropod omb-genes, while omb2 branches within the arthropod genes. 
Expression of the the decapentaplegic gene of Euperipatoides kanangrensis
Euperipatoides dpp is expressed in most cells of the embryonic body at a low level (Fig. 1A) . However, in the developing limbs, including the frontal appendages, dpp is expressed stronger, except for ectodermal cells along the anterior side ( Fig. 1C-E ) and along the dorsal side ( Fig. 6A-H ). This is especially clear in late-stage embryos ( Fig. 6E-H). Very strong expression is found in the tips of all appendages, except for the frontal appendages (Figs 1B-E and 6A-H). At late embryonic stages, dpp is also expressed in a differential pattern in the developing ventral nervous system, the head lobes and in cells along the lateral rim of the germ band, which will fuse over the yolk during dorsal closure and contribute to the heart (Fig. 1A , B).
We note that this expression profile of dpp in Euperipatoides kanangrensis deviates in some aspects from the pattern of dpp described for the closely related species
Euperipatoides rowelli (Treffkorn and Mayer 2013). This might point to dpp
patterning differences between very closely related onychophoran species.
Alternatively, the discrepancy might be caused by different efficiencies of wholemount in situ hybridisation methodology. Indeed, we note that the dpp signal in E.
rowelli is generally much weaker than the dpp signal that we obtained in E.
kanangrensis. Such differences in the sensitivity of dpp mRNA detection might explain the presence of some expression domains in E. kanangrensis, that appear to be absent in E. rowelli, e.g. the distal domain in all appendages.
Expression of the wingless gene of Euperipatoides kanangrensis
Expression of Euperipatoides wg has previously been described in detail in Eriksson et al. (2009) . Note that wg is expressed in continuous stripes throughout the ventral side of the limbs early during limb developmental (Fig. 2) .
Expression of Euperipatoides kanangrensis optomotor-blind1 and optomotor-blind2
Early expression of omb1 is restricted to a ring around the posterior pit region (Fig.   3A ). Subsequently, expression appears in the posterior and dorsal portions of the head lobes ( Fig. 3A) . At later stages omb1 is strongly expressed in dorsal tissue of the frontal appendages, the ocular region in the dorsal part of the head lobes, and along the dorsal side of all other appendages (Figs 3 and 6I-L). Expression in the limbs, including the frontal appendages, remains throughout development (Fig. 3H, I ). At late embryonic stages omb1 is expressed in an arch-shaped domain in the head lobes that probably corresponds to the developing optical centers of the brain (Fig. 3H, I ).
omb2 appears first in the posterior and dorsal region of the head lobes (Fig. 4A) ; it is not expressed in a ring around the posterior pit. Soon after, omb2 is expressed in form of a continuous anterior-posterior stripe along the dorsalmost rim of the developing germ band (Fig. 4B) . When the limb buds start to grow out, it becomes clear that this expression is in the dorsal part of the limbs and in the dorsal tissue between the limbs (Figs 4C and 6M-P); these stripes from the left and right halves of the germ band converge in the posterior pit region (Fig. 3D) . The domain of omb2 in the head lobes is larger than that of omb1 and reaches further ventrally (cf. Figs 3D, E and 4C-F). At approximately stage 18, expression appears in form of a dot dorsal to the center of the limbs in all trunk segments (Fig. 4F) . In subsequent stages omb2 is expressed in the developing ventral nervous system (Fig. 4G ) and in a complex pattern in the outgrowing dorsal tissue (Fig. 4I) . Notably, at later stages omb2 expression is weaker in the distal part of the limbs (Fig. 4H ). This is different from the expression of omb1.
Expression of Euperipatoides kanangrensis H15 and Cephalofovea clandestina H15
The expression of Euperipatoides H15 and Cephalofovea H15 (not shown) is identical. At early developmental stages H15 is expressed in the posterior part of the mesoderm of all limbs, except the frontal appendages (Fig. 5A, B) . At slightly later stages it becomes clear that H15 is expressed stronger in L4 and L5 (Fig. 5C, D) . This increased expression may be related to the development of the anlagen of the nephridia in these segments, because the nephridia of L4 and L5 are significantly larger than the others (Mayer 2006) . However, also the jaws express H15 in a similar way as the other trunk segments, although there is no rudiment of the nephridial anlagen in the jaw-bearing segment (Figs. 5A, C, D and 6Q-T) (Mayer 2006) . At later stages, H15 is expressed in the dorsal mesoderm at the base of all limbs (except the frontal appendages), and in a smaller ectodermal patch dorsally at the very base of the limbs (Fig. 5R-T) . Apart from the expression in the limbs, H15 is also expressed in the developing heart and in the ventral nervous system at later stages (Fig. 5C, D) .
Expression of H15 genes in the heart and the ventral nervous system is conserved in 
DISCUSSION
Dorsal limb patterning in arthropods and onychophorans
In Drosophila, the morphogens DPP and WG are crucial for the formation of the dorsoventral limb-axis (Struhl and Basler 1993; Brook and Cohen 1996; Morimura et al. 1996; summarized in Brook 2010) . The DPP protein is produced in a thin sector of dorsal cells in the leg imaginal disc and also moves from this area of synthesis to neighboring cells up to a few cell diameters away. In this area of its influence, DPP activates the expression of the T-box gene optomotor-blind (omb), which is therefore expressed in a broader dorsal sector of the leg imaginal disc (Grimm and Pflugfelder 1996; Maves and Schubiger 1998) . This dorsal expression domain suggests that omb is involved in the specification of dorsal fate. Indeed, misexpression of omb elsewhere in the disc leads to a transdetermination of these areas into dorsal fate (Maves and Schubiger 1998). The expression of omb along the dorsal side of the limbs is highly conserved among arthropods (Prpic et al. 2003 (Prpic et al. , 2005 Janssen et al. 2008a) , and our present results show that also in onychophorans both paralogous copies of omb are expressed along the dorsal side of all limb types. However, despite its conserved expression pattern, the mode of its activation by DPP is unlikely to be evolutionarily conserved. Data from a growing number of arthropods shows that only in a few species dpp is actually expressed in a dorsal stripe or sector like in Drosophila. In fact, Drosophila melanogaster is the only species for which the interplay between dpp Kaufman 2005) dpp only shows the expression in the tips and the segmental rings, but a dorsal stripe or sector is lacking even at early stages of limb development. These findings are compatible with our findings in Euperipatoides, that also lacks dorsal dpp expression, but has a distal expression domain in all limb types, except for the frontal appendage. Taken together, these data suggest that dorsal fate specification via the expression of omb in the limbs was already present before the separation of arthropods and onychophorans. However, its control via DPP appears to be a later addition to the dorsal specification mechanism, that has evolved for the imaginal discs of Drosophila, and possibly independently also in a few arthropods that show transient dorsal dpp expression in the limbs.
Ventral limb patterning in arthropods and onychophorans
In Drosophila leg imaginal discs, the morphogen WG and the T-box transcription factors H15 and mid interact on the ventral side in a similar way as DPP and omb do on the dorsal side. WG protein is produced in a thin ventral sector of the leg imaginal In the Drosophila leg imaginal disc, the WG and DPP proteins produce two partially overlapping protein gradients (Lecuit and Cohen 1997; reviewed in Estella et al. 2012) . Each cell in the disc receives a different amount of these two proteins and thus can use the concentration of both proteins as a kind of coordinate system or unique "ZIP code" to establish its location in the disc epithelium and to activate the appropriate target genes along the proximodistal limb axis (e.g. Lecuit and Cohen 1997) . This system of proximodistal axis patterning is obviously adapted to the flat topology of the leg imaginal disc in Drosophila and might therefore not be present in the tube-shaped limb buds of other arthropods. Indeed, the expression pattern of dpp is in most arthropods not similar to the Drosophila condition. However, a model has been proposed ("topology model") that argues for a conserved mode of DPP and WG action, and suggests that the differences in dpp expression do not indicate any mechanistic differences, but only account for the differences in topology between a flat leg disc and a tube-shaped limb bud (Prpic et al. 2003) . According to the topology model, if the Drosophila leg disc expression patterns of wg and dpp were directly transferred to a tube-shaped limb bud, then the resulting protein gradients would not combine correctly and therefore lead to a mispatterning along the proximodistal axis.
In a tube-shaped limb bud, the gradients of WG and DPP only combine in a way that leads to a correct patterning of the proximodistal axis if either wg or dpp expression, or the expression of both genes, is restricted to the distal limb tip. Indeed, a strong expression of dpp restricted to the limb tip is observed in all arthropods with tubeshaped limb buds. The alternative, the restriction of wg expression to the limb tip, has not yet been observed in an arthropod species, probably because wg has an additional role during ventral limb development and therefore cannot be removed from ventral cells (see also discussion above). Intriguingly, in Euperipatoides the expression of both genes, wg and dpp, is restricted to the tip of the limbs, representing the third alternative predicted by the topology model. This opens the possibility that in onychophorans, the morphogens WG and DPP organize proximodistal patterning via fully overlapping gradients emanating from the limb tip, and that these distal cells therefore comprise a localized organizer for proximodistal axis formation in onychophoran limbs.
Mapping the expression patterns on the phylogenetic tree of the arthropods and onychophorans (Fig. 7) suggests that the restriction of dpp and wg expression to the distal limb tip is the ancestral condition. Expansion of wg expression along the ventral side coincides with the split between onychophorans and arthropods (and is probably connected with the origin of a ventral role of wg in arthropod limbs), whereas the expansion of dpp expression along the dorsal side appears to be connected with the evolution of flat imaginal discs in dipterans (the functional significance of the transient dorsal expression in the only myriapod species studied so far is unclear). The probe that is marked with an asterisk (*) represents the best-working probe (best ratio of signal to background and fastest staining-time). The 'transcriptome probe' detected the same pattern as the '3´RACE probe'. The short 'PCR probe' did not detect any specific signal. 
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